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Abstract

The causative agents of most coral diseases today remain unknown, complicating disease response and restoration efforts.
Pathogen identifications can be hampered by complex microbial communities naturally associated with corals and seawa-
ter, which create complicating “background noise” that can potentially obscure a pathogen’s signal. Here, we outline an ap-
proach to investigate waterborne coral diseases that use a combination of coral mesocosms, tangential flow filtration, and
size fractionation to reduce the impact of this background microbial diversity, compensate for unknown infectious dose,
and further narrow the suspect pool of potential pathogens. As proof of concept, we use this method to compare the bacte-
rial communities shed into six Montastraea cavernosa coral mesocosms and demonstrate this method effectively detects dif-
ferences between diseased and healthy coral colonies. We found several amplicon sequence variants (ASVs) in the diseased
mesocosms that represented 100% matches with ASVs identified in prior studies of diseased coral tissue, further illustrating
the effectiveness of our approach. Our described method is an effective alternative to using coral tissue or mucus to investi-
gate waterborne coral diseases of unknown etiology and can help more quickly narrow the pool of possible pathogens to
better aid in disease response efforts. Additionally, this versatile method can be easily adapted to characterize either the en-
tire microbial community associated with a coral or target-specific microbial groups, making it a beneficial approach regard-
less of whether a causative agent is suspected or is completely unknown.
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Introduction

The precarious plight of coral reefs today is well-established,
as corals continue to decline in response to pollution, overf-
ishing, ocean acidification, and global climate change [1, 2].
Over the last 50 years, an additional stressor has increasingly
contributed to coral decline: the growing incidence and

prevalence of coral diseases [3, 4]. Culture-independent tech-
niques such as genetic sequencing have considerably ad-
vanced our knowledge of coral diseases, but have also
revealed the huge diversity and variability of coral micro-
biomes [5]. These complex microbial communities can make
it difficult to distinguish the pathogen(s) from the
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“background noise,” and consequently the causative agents of
most coral diseases remain unknown [6, 7]. Further compli-
cating causative agent identification is the fact that some
pathogens do not require large numbers to cause disease;
within the better-studied human system for example, the
bacterium Francisella tularensis is capable of inducing a disease
response with exposure to a single bacterium [8], underscor-
ing the importance of considering rare and abundant
microbes equally in disease etiology investigations.

For waterborne coral diseases, the causative agent should
be detectable within the seawater surrounding an infected
colony. By characterizing the microbial communities of sea-
water associated with a diseased coral, some of the compli-
cating background noise associated with the microbial
communities within the mucus or tissue can be eliminated,
as studies comparing bacterial species richness between coral
tissue and surrounding seawater have found lower numbers
of operational taxonomic units (a proxy for bacterial species)
in seawater [9, 10]. Additionally, investigation of microbes
shed by corals into seawater can help eliminate confounding
findings within coral mucus or tissue, such as those associ-
ated with opportunistic secondary infections [11], because the
primary pathogen potentially could be detected in the seawa-
ter itself before the onset of disease in surrounding appar-
ently healthy colonies.

Here, we describe a method that combines screening coral
mesocosm water via tangential flow filtration (TFF), followed by
sequential sterile size fractionation, to investigate the etiology
of waterborne coral diseases. Following this method, coral colo-
nies are first isolated in individual mesocosms containing UV-
treated and filtered seawater, and then incubated to allow for
the mesocosms to become enriched with coral-shed microbes.
TFF is then employed to concentrate the microbial communities
in the coral mesocosms to ensure potentially important rare
microbes are also detected. Finally, this TFF-concentrated mes-
ocosm microbial community is filtered through a series of filters
with different pore sizes to physically separate the concentrated
microbial community into different size fractions that can be in-
dividually assayed. This novel combination of steps addresses
the issues of (i) reducing the background noise of microbial di-
versity in coral tissues and seawater by focusing on a subset of
transmissible microbes shed into mesocosms, (ii) concentrating
that microbial community to maximize the chance of detecting
even rare pathogens, and (iii) separating the concentrated mi-
crobial community into different fractions to expedite
screening.

To demonstrate the utility of this method, we apply this ap-
proach to characterize microbial communities associated with
stony coral tissue loss disease (SCTLD) [12]. SCTLD is an ideal
system to demonstrate our method because: (1) it exhibits wa-
terborne transmission [13–15], indicating the causative agent
likely will be shed into the mesocosms and (2) several studies of
infected coral tissue exist, allowing for comparison of our
results to those obtained using more traditional approaches. To
date all studies characterizing SCTLD-associated microbes
through genetic sequencing have examined bacterial communi-
ties [16–21]. Consequently, as proof of concept of the practical
application of this method, the exploratory pilot dataset pre-
sented here characterizes the bacterial size fraction of disease-
associated coral mesocosms and we compare these results to
results from prior SCTLD studies. Additionally, we also present
a flexible experimental design that allows this approach to be
applied to investigations of other coral-associated microbial
groups.

Materials and methods

The methodology described below was developed over two time
periods (October 2019 and November 2020), with slight modifi-
cations due to emerging knowledge of SCTLD.

Donor coral collection

“Donor” corals, or the corals contributing microorganisms into
the mesocosm seawater via shedding, were collected from
Florida reefs under permit FKNMS-2017-128-A2 by SCUBA divers
using hammers and chisels. Colonies selected for collection
were located at least 5 m apart to reduce the likelihood of sam-
pling clones and whole and partial colonies were obtained.
Apparently healthy individuals (i.e. individuals displaying no
SCTLD signs) were collected in April 2018 (n¼ 1) and January
2019 (n¼ 1) from the Key West Nursery. Diseased individuals
(n¼ 4), characterized as those exhibiting SCTLD signs (tissue
loss with or without bleaching along the margin [12]), were col-
lected in the Florida Keys in October 2019 from offshore reefs
near Summerland Key, FL (n¼ 2) and November 2020 from reefs
near Marathon, FL (n¼ 2). To control for potential species-level
differences in microbial community structure and composition,
all corals utilized in this study (n¼ 6) were Montastraea
cavernosa.

Following collection, all corals were transported back to the
shore in buckets or coolers, wrapped in bubble wrap moistened
with seawater, and driven in coolers to the Smithsonian Marine
Station in Ft. Pierce, FL. Upon arrival, apparently healthy corals
were rinsed with filtered seawater and placed into a
temperature-controlled indoor tank containing �570 L of recir-
culating filtered seawater maintained at �25.5�C and also hous-
ing other healthy corals. To ensure the healthy control corals
were naı̈ve to SCTLD, both healthy colonies were held in this
tank from the time of collection until the start of our experi-
ment (a minimum of nine months). Additional details on this
system are described by Ushijima et al. [20]. Diseased corals
were also rinsed with filtered seawater upon arrival at the
Smithsonian and visible epibionts were removed by hand.
Diseased colonies were then placed immediately into individual
mesocosms, as described below.

Mesocosm creation

Mesocosms were created by filling �19 L buckets with �18 L of
seawater that had been UV-treated and 0.22 mm filtered to re-
duce the starting microbial load. These buckets were placed in
outdoor water tables maintained at �28�C and located under a
mesh canopy to allow some sunlight attenuation. Additional
details on the seawater system and facilities are described by
Ushijima et al. [20]. Each bucket mesocosm received a donor
coral and an airstone to circulate and oxygenate the water.
While mesocosms remained isolated from each other within
the water tables, separate water tables were used for diseased
and healthy mesocosms to further reduce potential cross-
contamination.

To enrich the mesocosms with coral-shed microbiota, dis-
eased donor corals were incubated within these mesocosms for
3–4 days, which was the maximum amount of time diseased
corals could remain in the mesocosms without water changes
before water quality deteriorated considerably due to sloughing
tissue. Healthy donor corals were also incubated for 3–4 days for
consistency. However, SCTLD exhibits particularly rapid lesion
progression [12]; for other, more slowly progressing diseases,
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additional incubation time may be possible to further enrich the
mesocosm water with coral-shed microbes.

Tangential flow filtration

Following incubation, the seawater from each mesocosm was
first pre-filtered through an ethanol-sterilized 200 mm (October
2019) or 106 mm (November 2020) mesh screen to remove partic-
ulate matter. Although the two different sizes employed here
were due to opportunistic availability and both effectively
trapped coral-shed particulates, we recommend using the finer
mesh size (106 mm) at this stage to ensure efficient removal of
particulates that may clog the subsequent filtration stages. This
pre-filtered water was then pumped via peristaltic pump
through a TFF manifold (Pall Corporation, #FS012K10) using
Masterflex I/P Precision Pump Tubing, platinum-cured silicone,
I/P 26 (Cole Parmer, #96410-26) and I/P 73 (Cole Parmer, #96410-
73) and containing five 100 kDa Omega Centramate filter cas-
settes (Pall Corporation, #OS100T12) to concentrate the micro-
bial community into �250 mL volume [22]. The 100 kDa pore
size was employed here to effectively capture all bacterial and
viral components of the mesocosm microbial communities [22],
however, other pore size membranes could be substituted to ad-
dress different research questions. The complete TFF concen-
tration process is depicted in Fig. 1. Between mesocosm
samples, the TFF manifold was flushed with reverse osmosis
(RO) water to flush out and dilute any residual microbes.
Healthy samples were processed first and then the system was
flushed with a �0.04% v/v sodium hypochlorite (bleach) solution
(40 mL of �5% sodium hypochlorite in 5 L RO water) and RO wa-
ter before processing diseased samples. Following the October
2019 processing run, the system was flushed with bleach solu-
tion for 1 h, RO water for 2 min, and 0.1 N NaOH solution for

5 min prior to disassembly and storage. Filter cassettes were
stored in NaOH at 4�C between October 2019 and November
2020. Prior to beginning processing in November 2020, the sys-
tem was flushed with deionized water for 30 min.

Size fractionation

Following TFF concentration, each TFF-concentrated sample
was filtered through a sequential series of filters with different
pore sizes to partition each mesocosm microbial community
into different-sized components. In October 2019, the TFF-
concentrated microbial community was directly filtered
through a Corning sterile filter unit containing a �47 mm
0.22 mm nitrocellulose membrane (#430756) to capture all micro-
organisms larger than 0.22 mm, which includes microeukar-
yotes, most bacteria, and large viruses. This filter was
subsequently cut from the unit using a sterile razor blade. The
resulting 0.22 mm filtrate from each filter unit, containing
microbes smaller than 0.22 mm (most viruses), was then drawn
through an autoclave-sterilized Millipore 47 mm mixed ester
0.025 mm filter (#VSWP04700) housed within an autoclave-
sterilized filter funnel similar to 300 mL, 47 mm diameter Pall
magnetic filter funnels (Pall Corporation, #4242) on a filter man-
ifold similar to Fisherbrand PVC vacuum manifold (Fisher
Scientific, #09-753-39A). This “viral” filtration was terminated
after �5 h due to time constraints. All filters were preserved at
�20�C until processing.

Following the October 2019 processing run, findings were
published suggesting a possible bacterial causative agent for the
disease [13]. Thus, here we characterize the microbial commu-
nities retained on the 0.22-mm filters as a proof of concept of
this methodology. However, given that a benefit of this method
is the flexibility offered by the optional addition of more filter

Figure 1: Flow chart depicting our methodology for investigating waterborne coral disease. Corals are first incubated in mesocosms (in red) containing filtered/UV-

treated seawater to enrich the system with shed microbes, including the unknown pathogen. Mesocosm water is pre-filtered through a mesh screen to remove

sloughed tissue, mucus, and other debris. Mesocosm water (in red) is then pumped via peristaltic pump through a TFF manifold containing 100 kDa filter cassettes,

with anything smaller than 100 kDa passing out as filtrate (in blue) and anything larger than 100 kDa (in pink) recirculated back into the system. The concentrated mi-

crobial community, or “TFF concentrate” (in pink), is then passed through a series of 0.8 lm (in orange), 0.22 lm (in green), and 0.025 lm (in purple) filters to size frac-

tionate the microbial community. The filter sizes utilized here can be removed or substituted with other filter sizes as appropriate for the research question.
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sizes, we needed to confirm that such manipulation would not
influence our ability to characterize the microbial community of
subsequent smaller filtration stages. Therefore, in November
2020, two additional diseased corals and the same two healthy
corals used in October 2019 were incubated in mesocosms and
processed as described above, with the addition of a sterile
Nalgene filter unit containing a 50 mm 0.8 mm cellulose nitrate
membrane (#126-0080) prior to 0.22 mm filtration. This addition
was intended to separately isolate the microeukaryote size frac-
tion from the bacterial component. The complete size fraction-
ation process is depicted in Fig. 1.

Epifluorescence microscopy

In order to demonstrate that all components of this experimen-
tal design function as expected, 3 mL water samples for visuali-
zation with epifluorescence microscopy were acquired at each
experimental stage: the starting 0.22 mm-filtered and UV-treated
seawater (November 2020 only), the coral mesocosm post-
incubation, the TFF concentrate, the 0.8 mm filtrate (November
2020 only), and the 0.22 mm filtrate. From each 3 mL sample,
1 mL was filtered in duplicate onto 25 mm diameter, 0.02 mm
Whatman Anodisc filters (Cytiva, #68096002) on a Sartorius
glass frit filtration holder (Sartorius, #16306), and a side-arm
flask plumbed to a vacuum pump. Filters were stained with
SYBR Gold (Invitrogen, #S11494) based on a modified version of
the SYBR Green protocol described by Noble and Fuhrman [23].
Filters were applied to glass microscope slides and stored at
�20�C until visualization. Visualization was performed with an
Olympus BX51TRF fluorescence light microscope equipped with
a filter cube for SYBR Gold and images were acquired using an
Olympus DP22 camera and Olympus cellSens Standard imaging
software v.3.1. Although not essential for the utility of this
method overall, we recommend completing this visualization
stage as a quality control check.

DNA extraction

DNA was extracted from half of each 0.22 mm filter using a
DNeasy PowerBiofilm kit (Qiagen, #24000-50), following the
manufacturer’s standard protocol (QuickStart Protocol,
November 2016 version), except for a substitution at stage 5 for
bead beating at 2500 rpm for 30 s. A kit blank containing no filter
was processed simultaneously and a positive control [MSA-3001
ABRF-MGRG 10 Strain Even Mix Genomic Material (ATCC, #
MSA-3001)] was included for all subsequent processing stages.
DNA quantification on a Qubit Fluorometer revealed that DNA
extraction was not successful for the November 2020 healthy
samples, so these samples were removed and only the remain-
ing eight samples were processed further.

Amplicon library preparation and sequencing

Amplicon libraries were prepared by the RTSF Genomics Core at
Michigan State University following the dual-index sequencing
strategy developed by Kozich et al. [24] and using the primers
515F (50-GTG CCA GCM GCC GCG GTA A-30) and 806R (50-GGA
CTA CHV GGG TWT CTA AT-30) [25]. Variations on these primers
that allow for the enhanced detection of specific bacterial and
archaeal taxa are available (e.g. [26, 27]) and researchers should
accordingly consider their research question and compare
primer capabilities before sequencing. Batch normalization was
performed with Invitrogen SequalPrep DNA Normalization
plates. Subsequent products were pooled, concentrated in an
Amicon spin column, and purified with AMPure XP magnetic

SPRI beads. DNA sequencing was performed on an Illumina
MiSeq v2 Nano flow cell in a 2�250 bp paired end format, with
base calling conducted via Illumina Real Time Analysis v1.18.54
and subsequent demultiplexing performed with Illumina
Bcl2fastq v2.20.0. Raw sequence data were deposited online
through NCBI (BioProject PRJNA731170) and in a U.S. Geological
Survey data repository, available at https://doi.org/10.5066/
P9B13K8N [28].

Bioinformatic processing

Demultiplexed sequences were imported into QIIME2 v2021.4
[29]. The DADA2 [30] plugin was used under default parameters
to denoise sequences, remove chimeric sequences, and group
sequences into amplicon sequence variants (ASVs), with
sequences left-trimmed at position 13 and truncated at position
200. Sequences were aligned and a phylogenetic tree was con-
structed using MAFFT v7.0 [31] and FastTree 2 [32]. Taxonomy
was assigned using the pre-trained naı̈ve Bayes classifier
SILVA-138-99-515-806 [33] and sequences matching chloro-
plasts or mitochondria were removed.

Positive and negative controls were removed from the data
set and remaining samples were rarefied to 88 204 sequences to
standardize the sampling depth across samples. Alpha and beta
diversity analyses were conducted using the q2-diversity plugin
and the “core-metrics-phylogenetic” approach within QIIME2,
and revealed that the sample size used in this exploratory data-
set was too small to statistically assess relationships between
the different samples. Instead, a principal coordinates analysis
(PCoA) based on a weighted UniFrac distance matrix was per-
formed and an Emperor PCoA plot was generated to visualize
the relationships between different samples.

Results comparison

To assess the utility of our methodology in characterizing coral
microbiomes, the NCBI BLASTn sequence alignment service
was used to directly compare ASVs obtained from our explor-
atory dataset to ASVs indicated as enriched in SCTLD-affected
coral tissue samples within prior studies [16–18]. ASV-level
analyses were conducted based on our unrarefied dataset and
comparison ASVs were acquired from publicly available reposi-
tories. Due to variations in sequence length/areas of overlap,
100% query cover was not possible, so ASVs were considered to
be the same as those identified in prior studies based on 100%
sequence identity match and a high percentage query cover
(>85%).

Results
Methodology

Using the methodology described herein (Fig. 1), mesocosm mi-
crobial communities were concentrated from �18 L to between
�190 and 250 mL. Epifluorescence microscopy images demon-
strate that all stages of this experimental design perform as
expected (Fig. 2): the corals shed microbes into the mesocosm
water (Fig. 2A), the TFF process concentrates these microbes
(Fig. 2B), and the subsequent size fractionation filtration stages
partition the expected size classes of microbes (Fig. 2C, D). We
also confirmed that the microbial load present within the fil-
tered and UV-treated seawater initially used within the meso-
cosms was comparatively low (Fig. 2E).
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Exploratory dataset

In total, 800 992 raw sequences were obtained from the eight
samples in the pilot dataset presented here, with 708 783 corre-
sponding to the six coral mesocosms, 92 074 to the positive con-
trol, and 135 to the negative control. Of the mesocosm-derived
sequences, 602 624 sequences representing 2837 unique ASVs
remained following bioinformatic processing. On average, the
numbers of sequences acquired for each sample type were rela-
tively similar, with �97 319 sequences associated with October
2019 diseased mesocosms (max¼ 106 433, min¼ 88 204), �96 993
with November 2020 diseased mesocosms (max¼ 101 725,
min¼ 92 260), and 107 001 with October 2019 healthy meso-
cosms (max¼ 115 976, min¼ 98 026). The weighted UniFrac
Emperor PCoA plot revealed that microbial community struc-
ture varied between the different health states and experimen-
tal runs (Fig. 3), but these relationships were unable to be
statistically analyzed due to the small sample sizes employed.

Becker et al. [16] identified 25 SCTLD “bioindicator” ASVs that
were enriched within SCTLD diseased coral tissue compared
with healthy corals. Comparing these 25 bioindicator ASVs
against all coral mesocosms within our exploratory dataset, we
identified 16 that were 100% sequence matches with ASVs in
our exploratory dataset (Table 1). Becker et al. [16] further identi-
fied four bioindicator ASVs that were also 100% matches for
SCTLD-associated ASVs from other studies (n¼ 2, Meyer et al.
[17] and n¼ 2, Rosales et al. [18]). Using BLASTn, we confirmed
that three of these four ASVs were present in our dataset
(Table 1).

We further identified four ASVs within our exploratory data-
set that were simultaneously SCTLD-obligate (present in all four
diseased mesocosms) and SCTLD-specific (present exclusively

in diseased, and not healthy, mesocosms). Of these, two ASVs
(ASV223, genus Cohaesibacter and ASV539, family
Arcobacteraceae) were previously identified as SCTLD bioindica-
tor ASVs [16] and one (ASV223, genus Cohaesibacter) was addi-
tionally identified as SCTLD-associated by another study [18]
(Table 1). When the definition of “SCTLD-obligate” is expanded
to include ASVs present in 75% of all diseased samples, an addi-
tional 31 ASVs qualify as “SCTLD-obligate-and-specific.” Two of
these additional 31 ASVs (ASV141, genus Fusibacter and ASV312,
genus Vibrio) are also 100% sequence matches for SCTLD bioin-
dicator ASVs previously identified by Becker et al. [16], including
one which was a 100% match for an ASV additionally identified
as SCTLD-associated by Meyer et al. [17] (Table 1). A BLASTn
comparison of Meyer et al.’s [17] ASV revealed a 100% sequence
identity match with our ASV312 (genus Vibrio).

Discussion

Here, we have described a methodology for the investigation of
waterborne coral diseases, characterizing the microbial com-
munity shed by a disease-infected coral into mesocosm seawa-
ter. Our exploratory results confirm that differences in the
donor corals are discernible within the microbial communities
shed by that coral, supporting the application of this method in
coral microbiome investigations. However, it should be noted
that while we were able to control for the influence of some po-
tentially confounding variables (e.g. donor coral species), due to
sampling limitations we were unable to eliminate all potentially
confounding variability within the donor corals. For example,
while health status of the donor coral may be contributing to
some of the observed differences between samples, a possible

Figure 2: Example epifluorescence microscopy images, indicating success of TFF in concentrating mesocosm microbial communities and demonstrating the utility of

size fractionation in removing different size classes of the microbial community. Example images are from a single diseased coral mesocosm (McD-58) from the

November 2020 run and include samples from the initial mesocosm (A), post-TFF concentration (B), post-0.8 lm filtration (C), and post-0.22 lm filtration (D). Also shown

is a sample of the 0.22 lm-filtered/UV-treated seawater used in the initial mesocosms (E), demonstrating the reduced microbial load of this water. Rod-shaped struc-

tures represent probable diatoms (A and B), larger dots are bacteria (A–C, E), and smaller dots are viruses (A–E). Photographs by J.S. Evans.
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Axis 2 (30.40 %)

Axis 3 (12.09 %)
Axis 1 (46.39 %)

2019 Diseased

2019 Healthy

2020 Diseased

Figure 3: Weighted UniFrac Emperor PCoA plot depicting the relationships between the bacterial/archaeal communities associated with the six coral samples, obtained

from 0.22 lm filters. October 2019 diseased samples are represented by green circles, November 2020 diseased samples represented by pink stars, and October 2019

healthy samples represented by blue squares. Axes percentages indicate the percentage variation in microbial community structure explained by that axis.

Table 1: ASVs acquired in our exploratory dataset compared with SCTLD bioindicator ASVs identified by Becker et al. [16]

ASV ID Abundance Taxonomy

Becker et al. [16] This study October 2019 diseased November 2020 diseased October 2019 healthy Lowest classification

ASV13 ASV35 1728 919 223 g. Halodesulfovibrio
ASV20 ASV61 1064 16 544 g. Vibrio
ASV25 ASV325 0 0 135 g. Vibrio
ASV26 ASV739 0 36 0 g. Uncultured Prolixibacter
ASV36 ASV249 191 0 4 s. Tepidibacter mesophilus
ASV39 ASV244 0 203 0 g. Marinifilum

ASV52 28 1876 0 g. Marinifilum
ASV23 0 4835 0 g. Marinifilum

ASV44 ASV185 0 308 0 g. Fusibacter
ASV54* ASV312 6 134 0 g. Vibrio
ASV60 ASV66 55 9 1457 g. Shimia
ASV67 ASV268 58 0 115 g. Vibrio
ASV101 ASV539 34 29 0 f. Arcobacteraceae
ASV111† ASV440 0 88 0 f. Rhodobacteraceae
ASV135 ASV1301 13 0 0 g. Fusibacter
ASV226† ASV223 112 124 0 g. Cohaesibacter
ASV263 ASV265 0 176 0 f. Arcobacteraceae
ASV275 ASV141 157 319 0 g. Fusibacter

Notes: All ASVs presented here exhibited 100% identity matches with 89% query cover. Becker et al.’s [16] ASV39 was 100% identical with 89% query cover to three ASVs

in our dataset, likely due to sequence trimming differences, so all three possible matches are presented. Superscript characters denote bioindicator ASVs [16] that were

also present in Meyer et al. (*) or Rosales et al. (†) studies [17, 18]. Gray shading highlights SCTLD-obligate-and-specific ASVs (found in at least 75% of diseased coral mes-

ocosms and not in healthy coral mesocosms), and bold text indicates ASVs for which “obligate” included all diseased mesocosms. Abundance columns indicate the to-

tal reads for each ASV in October 2019 diseased, November 2020 diseased, and October 2019 healthy mesocosms. Lowest classification indicates the lowest taxonomic

classification of each ASV, where f ¼ family, g ¼ genus, and s ¼ species.
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temporal effect on microbial community structure is also appar-
ent (Fig. 3). Although we were unable to statistically evaluate
these relationships, this suggests that numerous donor coral
differences in addition to health state (e.g. collection date,
source reef, year, and experimental run) may also influence
coral-shed microbial communities and should be considered
and minimized as much as possible in the experimental design
stage. Nevertheless, here we also detected within our meso-
cosms several ASVs previously identified as SCTLD-associated,
suggesting that donor coral health state may play an especially
important role in shaping coral-shed mesocosm microbial com-
munities, and further demonstrating the utility of our approach
as a method for coral disease investigation.

Our exploratory results also indicated that while healthy
mesocosm microbial communities appeared to cluster together,
the microbial communities associated with SCTLD-diseased
samples were much more scattered (Fig. 3). While this trend
was unable to be confirmed statistically, this result is consistent
with other investigations of microbial communities from
SCTLD-diseased and apparently healthy corals [18], including
for M. cavernosa in particular [16, 17]. Further, using this method,
we successfully detected numerous ASVs previously indicated
as SCTLD-associated within our mesocosms [16–18].
Interestingly, some ASVs previously noted as possible SCTLD
bioindicators were detected in higher abundance in our healthy
compared with diseased mesocosms (e.g. ASV66, genus Shimia
and ASV268, genus Vibrio), highlighting the added potential ben-
efit of using a multifaceted approach to investigate coral disease
etiology in order to further narrow down possible pathogens.

The relatively even number of sequences obtained from dis-
eased individuals across the two sampling runs (i.e. with and
without the addition of a 0.8-mm filtration step), as well as the de-
tection of previously identified SCTLD-associated ASVs [16, 18] in
all diseased mesocosms, indicate that incorporating an addi-
tional filtration step does not impact downstream filter utility.
However, previous studies have shown that including a prefilter
stage can result in significantly different bacterial community
compositions between the prefilter and the downstream filter
[34]. This could explain some of the variation observed in the
November 2020 diseased samples compared with October 2019
(Fig. 3) and suggests the importance of carefully considering ex-
perimental design in selecting filter sizes. It may also be benefi-
cial to include a control mesocosm containing only the filtered
seawater. As shown in Fig. 2E, even the 0.22-mm-filtered and UV-
treated seawater is not completely sterile and some microbial
communities can be expected to develop within this seawater
during the incubation period [35]. Including a seawater-only
mesocosm control and processing it using the same incubation/
TFF/size fractionation method described here would provide a
“background mesocosm” microbial community that could be
subtracted from the coral mesocosm microbial community to re-
move additional background noise and assist in further narrow-
ing down the pool of potential pathogens.

The flexibility of the method described herein is what makes it
so useful for coral disease investigations. For example, recent elec-
tron microscopy work on SCTLD samples identified filamentous
virus-like-particles that may be implicated in disease causation or
progression [36]. The approach we describe herein could be easily
modified through the use of different filter sizes and sequencing
primers to specifically isolate and target these unknown viruses
for further investigation. Additionally, our described methodology
is useful in all coral disease investigations, regardless of current
knowledge of the disease’s etiology. If a particular size class/mi-
crobial group is suspected to be implicated in a disease pathology,

then a single membrane size could be utilized to specifically select
for the target microbe group. If multiple size classes are suspected,
then multiple filter sizes could be employed to investigate each
microbial group independently through the use of targeted pri-
mers and reference databases. If the etiology is entirely unknown,
this approach allows for the targeted investigation of all possible
size classes of microorganisms either through shotgun sequenc-
ing or fractionation. Size fractionation approaches have also previ-
ously been used in transmission experiments to determine which
size class/microbial group is responsible for a particular coral dis-
ease [37, 38], which represents another possible useful extension
of this methodology.
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